Superoxide dismutase reduces injury in many disease processes, implicating superoxide anion radical (02 ) as a toxic species in vivo. A critical target of superoxide may be nitric oxide (NO-) produced by endothelium, macrophages, neutrophils, and brain synaptosomes. Superoxide and NO-are known to rapidly react to form the stable peroxynitrite anion (ONOO-). We have shown that peroxynitrite has a pKa of 7.49 ± 0.06 at 3TC and rapidly decomposes once protonated with a half-life of 1.9 sec at pH 7.4. Peroxynitrite decomposition generates a strong oxidant with reactivity similar to hydroxyl radical, as assessed by the oxidation of deoxyribose or dimethyl sulfoxide. Product yields indicative of hydroxyl radical were 5.1 ± 0.1% and 24.3 + 1.0%, respectively, of added peroxynitrite. Product formation was not affected by the metal chelator diethyltriaminepentaacetic acid, suggesting that iron was not required to catalyze oxidation. In contrast, desferrioxamine was a potent, competitive inhibitor of peroxynitriteinitiated oxidation because of a direct reaction between desferrioxamine and peroxynitrite rather than by iron chelation. We propose that superoxide dismutase may protect vascular tissue stimulated to produce superoxide and NON under pathological conditions by preventing the formation of peroxynitrite.
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Vascular injury secondary to ischemia/reperfusion, inflammation, xenobiotic metabolism, hyperoxic exposure, and other diseases results in loss of endothelial barrier function, adhesion of platelets, and abnormal vasoregulation. The ability of superoxide dismutase (SOD) to often reduce endothelial injury indirectly implicates the participation of superoxide anion radical (Oj-) with many pathological processes (1) . While O-' can be directly toxic (2) , it has a limited reactivity with most biological molecules, raising questions about its toxicity per se (3) . To account for the apparent toxicity of O-j in vivo, the secondary production of the far-more-reactive hydroxyl radical (HO-) is frequently proposed to occur by the iron-catalyzed Haber-Weiss reaction:
20-+ 2H+ H202 + 02 [1] O°2+ Fe3+ 02 + Fe2+ [21 Fe2+ + H202-> HOP + OH-+ Fe3+. [3] Although low molecular weight scavengers of HO-, such as mannitol, dimethylthiourea, and dimethyl sulfoxide (DMSO), and the iron chelator desferrioxamine reduce oxidant injury, generation of strong oxidants by the iron-catalyzed Haber Recently, endothelium, macrophages, and brain synaptosome preparations have been shown to produce NOR by oxidizing arginine by a calcium-activated NADPH-dependent enzyme (6) (7) (8) (9) . NOR appears to be a major form of the endothelium-derived relaxing factor (EDRF) (10) . Vasodilatory agents such as acetylcholine, ATP, and bradykinin initiate a receptor-mediated influx of Ca2 , triggering the production and extracellular release of NO-, which then activates soluble heme-containing guanylate cyclases to produce cGMP in vascular smooth muscle and platelets. Increased cGMP promotes relaxation in vascular smooth muscle and inhibits platelet aggregation as well as adhesion of platelets to endothelium (11) . Macrophages produce NOR as part of their cytotoxic armamentarium (6) .
The half-life of EDRF and NON ranges from 4 to 50 sec (12) , which is approximately doubled by SOD (13, 14) . NOR does not bind directly to the copper of SOD (15) , suggesting that stabilization involves the scavenging of O-. Because NOR contains an unpaired electron and is paramagnetic, it rapidly reacts with°--to form peroxynitrite anion (ONOO-) in high yield (16) . In alkaline solutions, ONOO-is stable but has a PKa of 6.6 at 0C (17) and decays rapidly once protonated.°2 + NO-* ONOO-+ H+ = ONOOH ->HO-+ N02-* NN37 + HW. [4] In the gaseous phase, decomposition of peroxynitrous acid to form HO-and (26) . Standards of MDA were prepared daily by the hydrolysis of 100 AM 1,1,3,3-tetramethoxypropane.
DMSO reacts with HOG to form a methyl radical, ultimately yielding 0.5 mol each of formaldehyde and methanol under aerobic conditions. Formaldehyde was assayed by reaction with purpald (Aldrich) as described by Johansson and Hakian Borg (27) .
Peroxynitrite Decomposition. Peroxynitrite decomposition was followed by absorbance changes at 302 nm every 0.075 s after adding peroxynitrite to a rapidly stirred, temperaturecontrolled cuvette. The pH of each reaction was measured after peroxynitrite addition. The kinetics of peroxynitrite decomposition were strictly first order over at least three half-lives as reported (17) . The The inhibition of apparent HO-production, estimated from the effect of various scavengers on yield, was calculated as described by Winterbourn (28 5 ).
RESULTS
Peroxynitrite addition to 50 mM deoxyribose or DMSO in 50 mM potassium phosphate (pH 7.4) at 370C resulted in linear, peroxynitrite concentration-dependent increases of product for each detector (Fig. 1) . By assuming a stoichiometry of0.5 mol of product per mol of peroxynitrite added to DMSO, the slopes calculated from different HO* detection systems in Fig. 1 corresponded to (Fig. 5) . The exceptions were when deoxyribose and DMSO were used as scavengers, both of which deviated strongly from the otherwise linear relationship. The reciprocals of the slopes gave estimates for kD, the reaction rate of peroxynitrite with the detector, of 1 its relatively poor scavenging ability observed in assays using deoxyribose as a detector.
In the panels of Fig. 5 , the fitted lines did not intercept the origins. Because the rate constants plotted on the x axis are literature values for reaction with HO-, the nonzero intercepts may be due to a small and relatively constant difference between the reaction of each scavenger with peroxynitrite as compared with HO*.
Reaction of Peroxynitrite with Desferrioxamine. To test the potential contribution of transition metals to peroxynitriteinitiated oxidation, the effects of the metal chelators DTPA and desferrioxamine were examined. In the three HOG assays, DTPA (0.1 mM) had no effect on product yield. In contrast, desferrioxamine was a potent, concentration-dependent inhibitor of DMSO oxidation by peroxynitrite, but less so for MDA formation from deoxyribose (Fig. 6) Much of the evidence for a role of iron in freeradical-mediated injury in vivo derives from the reduction of injury by desferrioxamine. In our experiments, desferrioxamine was a strong inhibitor of peroxynitrite oxidation, which was due to a direct, concentration-dependent reaction between desferrioxamine and peroxynitrite rather than by metal chelation. Desferrioxamine contains three hydroxamic acids (-NOH) adjacent to carbonyl groups, which appears to be the functional groups involved in peroxynitrite decomposition, since these sites are occupied in ferric desferrioxamine, which was not inhibitory. The potent inhibition of peroxynitrite-mediated oxidation by low concentrations of desferrioxamine suggests that scavenging of peroxynitrite may be an alternative antioxidant mechanism of desfemoxamine in addition to its role in iron chelation.
The present study has focused upon the apparent formation of HOG from peroxynitrite decomposition, but an equal amount of NO2' is also expected to be formed. NO2' contains an unpaired electron, making it reactive with many free radicals including intermediates produced by HOG attack on detector molecules (32) . These potential secondary reactions will reduce apparent HOG yield noncompetitively with respect to the detector, so that Scatchard-like plots can only give a minimal estimate of apparent HOG yield.
NO2-is a highly toxic and potent oxidant (Em = 0.9 V), capable of initiating fatty acid oxidation (33, 34) and nitrosylation of aromatic amino acids (35) . The possibility of nitrogen-based products being produced in vivo during endothelial injury presents a testable conjecture of our hypothesis. In support of this possibility, a nitrogen-centered radical has been detected during reperfusion of an ischemic isolated rat heart preparation (36).
Implications for Endothelial Oxidant Ihqury. Peroxynitrite may have considerably greater toxicity than HOG generated extracellularly; it is formed by a diffusion-limited reaction between 0--and NO-, it has a 1.9-s half-life at pH 7.4 that permits diffusion over several cell diameters, it decomposes to generate a potent oxidant similar to HOG in reactivity, and it may cross cell membranes through anion channels as has been demonstrated for Oj- (37) .
Many pathophysiological processes including reperfusion of ischemic tissue, acute inflammation, and sepsis might initiate events that stimulate NO-production. For example, ischemic endothelium will accumulate Ca2+, but will be unable to support NO-synthesis without oxygen (38) . Reperfusion may stimulate rapid NO-synthesis by providing the oxygen needed to produce NO-, since the intracellular messenger, Ca2+, and other substrates-arginine and NADPHwould already be made available by the ischemic insult.
Rates of NO-production have not been measured under pathological conditions and will be an important test of the hypotheses advanced here. However, it is possible to calculate that substantial amounts of NO-may be produced in small vessels by assuming rates of production equivalent to that of rabbit aorta. Rabbit aortic endothelium can produce 40 pmol of NO-min1-cm-2 of luminal surface when stimulated by ATP (7) . In a 50-,um-diameter vessel, the surface area of endothelium enclosing a 1-liter volume of blood is 2 x 105 cm2. Then, the intraluminal rate of NO-production could theoretically reach 8 gM min-. Ca2+ entry into endothelium is also known to increase°-2 production (39). Since the rate of peroxynitrite formation depends upon the product of°-2-and NO-concentrations, it will increase 100-fold for every 10-fold increase in°2-and NO-concentration. Thus, relatively small increases in rates of°-2 and NO-production may greatly increase rates of peroxynitrite formation to potentially cytotoxic levels.
One of the most puzzling effects of SOD is to understand how it can protect ischemic tissue in experimental models when injected into the circulation just prior to reperfusion. Injury to the endothelium is a major consequence of ischemia/reperfusion injury, causing edema formation due to the loss of barrier function and favoring platelet adhesion to endothelium. The protective action of SOD may in part be due to preventing the decomposition of NO-by scavenging°-2, which would help maintain normal vasodilation and inhibit thrombosis. We propose that SOD also protects endothelium in vivo by preventing the formation of peroxynitrite, which is toxic due to its decomposition to form potent, cytotoxic oxidants. On the other hand, the simultaneous generation of°-2 and NO-by macrophages and activated neutrophils (6, 40) presents an additional mechanism mediating the cytotoxic action of these cell types.
